Land receiving waste effluent from swine (Sus scrofa domesticus) production systems (also known as spray fields) may provide a unique opportunity for bioenergy feedstock supply from sorghum [Sorghum bicolor (L.) Moench]. Information on dry matter (DM) production and nutrient uptake from on-farm trials is needed to determine the viability of this practice. The objectives of the study were to compare DM production and nutrient removal of two sorghum cultivars (high biomass Blade ES5200 and sweet sorghum M81-E) planted at three on-farm swine effluent spray field locations. The study was conducted in North Carolina for 4 yr (2012)(2013)(2014)(2015). Dry matter yields ranged from 8.1 to 27.7 Mg ha -1 and were no different between sorghum entries in 11 out of 12 location-year combinations. Nitrogen concentration in the plant tissue ranged from 5.9 to 12.9 g kg -1 reflecting the wide range of N loadings (41-624 kg ha -1 ). Nitrogen removal ranged from 54 to 287 kg ha -1 . Phosphorus concentration in the plant tissue ranged from 1.4 to 2.5 g kg -1 and removal ranged from 15.4 to 51.3 kg ha -1 . Potassium concentration and removal were not different between entries and averaged 20.4 g kg -1 and 313 kg ha -1 , respectively. The results indicate that if sorghum is to be the only crop per annual cycle, then irrigation management and nutrient loading need to be less intensive (lower amounts), specially for N and K, than in current bermudagrass (Cynodonon dactylon L.)-based systems to prevent soil nutrient accumulation.
H igh DM yield and nutrient removal potential are desirable characteristics for crops to be planted on land receiving large quantities of waste effluent; for example, from lagoons in swine spray fields. Frequent irrigation, however, is required in humid regions to prevent lagoon overflow (Burns et al., 1990) . As of 2014, there were about 50,000 hectares permitted for application of swine effluent (NC-DWR, 2016) in the Coastal plains physiographic region in North Carolina. The high DM yield potential and growth characteristics of sorghum have turned attention to its utilization as a dedicated bioenergy feedstock (Zegada-Lizarazu and Monti, 2012) and, if planted on spray fields, may represent an attractive vertically integrated operation between bioenergy and swine production. However, in addition to biomass yield information, nutrient removal information is critical to select sorghum hybrids and develop nutrient management plans for spray fields.
Bermudagrass-based cropping systems are the dominant production system in spray fields of North Carolina (Conrad-Acuña et al., no date) probably because of two main reasons. First, bermudagrass' fitness for greater DM yield production and nutrient removal compared to other perennial warm-season grasses grown in the region (Burns et al., 1990; McLaughlin et al., 2004) ; and two, because cool-season annual plants can be overseeded into established bermudagrass fields (Aiken, 2014) which increases the window of active plant growth for effluent application. Woodhouse (1969) reported that cultivar Coastal bermudragrass yield plateau of 12 Mg ha -1 yr -1 with N fertilization rate of 448 kg N ha -1 yr -1 and approximately 60% recovery of N applied. Burns et al. (1990) reported bermudagrass DM yield plateau of 19 Mg ha -1 with 1300 kg N ha -1 applied from swine lagoon effluent. Nevertheless, in spite of this yields, most years the market for bermudagrass hay does not allow farmers to realize economic benefits (Sun and Cheng, 2005) . Growing sorghum as dedicated bioenergy crop in spray fields may allow producers to have a potential secondary income if the harvested feedstock is used for bioconversion purposes from either biomass or sugar yields (Rooney et al., 2007) .
Out of a single clipping event at the end of the growing season, compared to several clippings for bermudagrass, the DM yield of sorghum is similar, and frequently greater, than bermudagrass. Sorghum DM yield up to 20 Mg ha -1 was reported from a high biomass sorghum in Missouri (Maw et al., 2017) . For sweet sorghum M81-E, DM yields up to 20 and 32 Mg ha -1 were reported in Florida (Erickson et al., 2012) and Kansas , respectively. Nevertheless, sorghum DM yield and nutrient removal can vary substantially among environments and cultivars (Gill et al., 2014; Godsey et al., 2012; Tamang et al., 2011) . To date, there is no information on DM yield productivity and nutrient removal of sorghum under on-farm spray field management conditions in North Carolina. Information on productivity and nutrient removal is critical if sorghum is to be recommended for use as a potential crop in spray fields. The overall goal of the study was to estimate productivity and nutrient removal of two sorghum cultivars, with potential as bioenergy crops, grown under on-farm management conditions. The specific objectives were to determine and compare DM yield and tissue N, P, and K concentrations and removals of sorghum planted at three on-farm swine effluent spray field locations.
mATERIAlS AnD mETHoDS

Experimental Site and Plot management
The study was conducted for 4 yr (2012) (2013) (2014) (2015) at three on-farm locations in eastern North Carolina. The sites were commercial spray fields located at Duplin County (35°2¢ N; 77°56¢ W), Sampson County (35°6¢ N; 78°22¢ W), and Wayne County (35°30¢ N; 77°54¢ W); hereafter referred to as Duplin, Sampson, and Wayne, respectively. The soils at the experimental sites were classified as Lumbee sandy loam (fine-loamy over sandy or sandy-skeletal, siliceous, subactive, thermic Typic Endoaquult) at Duplin; Blanton sand (loamy, siliceous, semiactive, thermic Grossarenic Paleudult) and Autryville loamy sand (loamy, siliceous, subactive, thermic Arenic Paleudult) at Sampson; and Wagram loamy sand (loamy, kaolinitic, thermic Arenic Kandiudult), Lynchburg sandy loam (fine-loamy, siliceous, semiactive, thermic Aeric Paleaquult), and Norfolk loamy sand (fineloamy, kaolinitic, thermic Typic Kandiudult) at Wayne.
The cropping systems prior to plot establishment for this experiment were annual corn production at Duplin and cultivar Coastal bermudagrass at Wayne and Sampson. Soil samples for initial characterization were collected on February 2011 to a depth of 90 cm in three intervals (0-30, 30-60, and 60-90 cm) . Three cores from each block (from a total of three blocks) at each location were collected. The three samples from each block and corresponding depth were mixed and one composited sample was sent for analysis to the North Carolina Department of Agriculture & Consumer Services (NCDA&CS) Soil Testing Laboratory. Soil pH was determined on a 1:1 soil/water volume ratio. Samples were analyzed for P, K, Ca, Mg, S, Na, Mn, Cu, and Zn by way of Mehlich-3 extractant using inductively coupled argon plasma spectroscopy on a volume basis (Mehlich, 1984) . Results of laboratory analysis are presented in Table 1 .
Swine effluent was applied at each location using an irrigation traveling gun and followed the existing application schedule of each farm based on a bermudagrass management plan. This approach was used so that the potential of sorghum be evaluated under the irrigation and nutrient loading schedules that are already part of each farm's nutrient management plan. To monitor nutrient loadings, samples from each effluent application event were collected using in-field precipitation gauges located within the plots (Clark et al., 2004) . There were eight gauges per site. Samples from each gauge were collected within 24 h of each application event and one composited sample was stored at 2°C until analysis. Composite samples were the combination of equal volumes from each individual gauge. In-field precipitation gauges were aligned perpendicular to the path of the traveling gun and distributed evenly across the width of the field site. Nutrient concentrations in the effluent samples were analyzed by the NCDA&CS laboratory. Nitrogen concentration was determined as total Kjeldahl nitrogen (TKN) by modified USEPA Method 351.2 using an auto-flow spectrophotometric analyzer (Skalar Analytical, 1995; USEPA, 2001 ). Analysis of P and K was conducted using inductively coupled plasma-optical emission spectrometry (ICP-OES) following closed-vessel nitric acid microwave digestion (Donohue and Aho, 1992; Campbell and Plank, 1992) . Nutrient loadings per application event were calculated by multiplying the average irrigation lamina of the eight in-field precipitation gauges by the nutrient concentration of the composited sample. Total nutrient loadings were the cumulative summation of the loadings for each application event throughout the calendar year. Total irrigation and nutrient loadings from swine effluent by location are reported in Table 2 . Nutrient loadings ranged from 41 to 624 kg ha -1 for N, 7 to 111 kg ha -1 for P, and 66 to 1166 kg ha -1 for K.
Weather stations were installed at each location in open space within 100 m of the plots. The stations (Onset Computer   Table 1 . Initial soil characterization from samples collected in 2011. Data are means of three samples (n = 3).
Location Corp., Bourne, MA) consisted of a micro station data logger (Onset H21-002), a 0.2 mm rainfall smart sensor (Onset S-RGB-M002), a 12-bit temperature/relative humidity smart sensor (Onset S-THB-M002), a wind speed smart sensor (Onset S-WSA-M003), and a silicon pyranometer (Onset S-LIB-M003). Reference crop evapotranspiration (ET 0 ) was calculated using the methodology outlined in FAO 56 (Allen et al., 1998) using daily maximum and minimum air temperature and relative humidity, average daily wind speed, and daily average solar radiation. Annual irrigation, total water inputs (precipitation plus irrigation), and ET 0 during the 4 yr are shown in Table 2 . Monthly, annual, and 30-yr average rainfall for Duplin, Wayne, and Sampson are shown in Fig. 1 . The maximum and minimum ambient temperatures recorded for each month during the 2012 to 2015 period are presented in Fig. 2 . Water balance indicated that in all years, except 2012 at the Sampson location, total water inputs were greater than ET 0 .
land Preparation
A chemical-fallow herbicide application of glyphosate [N-(phosphonomethyl)glycine, 1.12 kg a.i. ha -1 ) was used before the initiation of the trial and in-between all growing seasons as a means to control weeds prior to seedbed preparation. Seedbed preparation consisted of tilling using a three-point mount rotary tiller. Pre-emergent herbicides were applied at planting and consisted of atrazine (1-Chloro-3-ethylamino-5-isopropylamino-2,4,6-triazine) and metolachlor [S-2-Chloro-N-(2-ethyl-6-methyl-phenyl)-N-(1-methoxypropan-2-yl) acetamide] at a rate of 1.74 kg a.i ha -1 and 1.35 kg a.i. ha -1 , respectively. Seed for both sorghum cultivars was treated with Concep III seed treatment (Syngenta Crop Protection, LLC, Greensboro, NC). Planting dates occurred between late April and early June each year (Table 3) when field moisture and ambient temperatures were conducive for field work and to ensure successful crop establishment. Treatments were planted at a rate of 247,000 seeds per hectare.
Treatments and Experimental Design
Treatments were two sorghum cultivars: high biomass Blade ES5200 (Ceres, Inc., Thousand Oaks, CA) and sweet sorghum M81-E (MAFES Foundation Seed Stocks, MS State, MS). The treatments were allocated in a randomized complete block design replicated three times at each location. In years 2012 and 2013, experimental unit size was 43-m long by 27.4-m wide and consisted of 36 rows with 0.76-m row separation that ran the length of the plot. In years 2014 and 2015, plot width was reduced to 4.6-m-wide and consisted of six 43-m long rows.
Response variables Dry matter yield
Plots were harvested between September and October each year (Table 3 ) using a Wintersteiger forage harvester (Wintersteiger AG, Austria). Sorghum was at mid-reproductive growth stage at time of harvest. Average length of the growing season, from planting date to harvest, was 140 d (±16). At each harvest event, two inner rows were clipped to 15-cm stubble height and weighed fresh in the field. A subsample Table 2 . Total annual irrigation, total water inputs (precipitation + irrigation), and total N, P, and K loadings from swine effluent application at three on-farm locations in North Carolina (2012) (2013) (2014) (2015) . Duplin  2012  182  1648  1150  307  25  572  2013  80  1475  1104  226  17  308  2014  113  1018  1094  205  17  150  2015  13  1917  1032  41  7  66  Wayne  2012  73  1194  1002  217  35  374  2013  155  1489  908  297  67  443  2014  117  1506  1007  278  50  262  2015  164  1541  921  624  111  477  Sampson  2012  99  983  1094  131  14  431  2013  223  1276  944  374  47  535  2014  295  1417  959  502  43  1166  2015  106  1352  1004  424  28 665 † Reference crop evapotranspiration (ET 0 ) was calculated using the methodology outlined in FAO 56 (Allen et al., 1998 ) using daily max. and min. air temperature and relative humidity, average daily wind speed, and daily average solar radiation.
‡ Total N was determined as total Kjeldahl by USEPA Method 351.2 and analyzed using an auto-flow spectrophotometric analyzer. § Total P and K were extracted using a closed-vessel Nitric acid microwave digestion and analyzed using inductively coupled plasma-optical emission spectrometry. (approximately 1 kg) from the harvested material was weighed fresh and then dried at 65°C until constant weight (approximately 7 d in the drier) to determine DM concentration and calculate DM yields.
Tissue nutrient Concentration and Removal
Dried subsamples were ground using a Christy & Norris laboratory mill (Christy Turner Ltd, Suffolk, UK) to pass through a 1-mm screen and sent to the NCDA&CS Agronomic Services laboratory for plant tissue nutrient analysis. Total N concentration was determined by gas chromatography with a model NA1500s2 elemental analyzer from CE Elantech Instruments (CE Elantech, Lakewood, NJ) (AOAC, 1990; Campbell, 1992) . Total P, K, and micronutrients concentrations were determined with ICP-OES (Spectro Arcos EOP, Spectro Analytical, Mahwah, NJ) (Donohue and Aho, 1992; adapted USEPA, 2001) .
Nutrient removals were calculated as the product of tissue nutrient concentration and DM yield at each harvesting event. In addition, plant height was determined prior to harvest by using a survey rod at three locations within in each plot. The average of the three measurements per plot provided an estimate for plant height for each experimental unit.
Statistical Analysis
Data was analyzed using PROC GLIMMIX in SAS (SAS Institute, 2010). Analysis was conducted by location because soil types, total nutrient loadings, and timing and frequency of swine effluent application were unique to each location. Year and sorghum hybrid were considered fixed effects. Block was random effect. When an interaction effect of year and sorghum entry was significant, the SLICE statement of SAS was used to produce an F test for each level of year and to compare cultivars. Mean separation was based on the PDIFF option of LSMEANS using SAS. Plots of model residuals were used to check for normality. Treatments were considered significant when P ≤ 0.05. Table 4 . Dry matter yield, nutrient concentrations and removals correspond to 4 yr of data (2012) (2013) (2014) (2015) and plant height correspond to 3 yr of data (2013) (2014) (2015) .
RESulTS AnD DISCuSSIon
Analysis of variance results for the fixed effects of year, cultivar, and their interaction are presented in
Dry matter yield
At Duplin, there was a year effect on DM yield. Greatest DM yield occurred in 2014, it was intermediate in 2012, and lowest and not different in 2013 and 2015 (Fig. 3) . Lowest yields in 2013 and 2015 were the result of abnormally high rainfall in June (1 mo after planting) exceeding 300 mm (Fig. 1) which caused less than ideal conditions for crop establishment and development. In addition, low N input in 2015 (Table 2 ) may have also contributed to the lower DM yield in that year. Swine manure recommendations in North Carolina assume that 50% of total N applied is available to plants when broadcasted or irrigated (Crouse et al., 2016) ; consequently, N input was less than 40 kg ha -1 in 2015.
At Wayne, there was a cultivar × year interaction effect (Table 4 ). The interaction effect occurred because DM yield was greatest for ES5200 in 2012. This was the only year in the whole experiment (across location-years) where DM yield was different between the two cultivars. The DM yield of ES5200 was exceptionally high (27.7 Mg ha -1 ; Fig. 3 ) compared to other experiments that used the same cultivars and in the region (Heitman et al., 2017) . Lowest DM yield at Sampson in 2015 is associated with observed weed pressure. Yields observed in this study, with the exception of the lowest values in Duplin (2013 and 2015) and Sampson (2015) , concur with previous reports in the literature that reports ranges from 11.3 to 18.7 Mg ha -1 for both cultivars (Erickson et al. [2012] , Tamang et al. [2011] , and Heitman et al. [2017] ). Nevertheless, sorghum DM yield observed in this experiment is lower than that reported by in Troy and Manhattan, KS (22.4-26.8 Mg ha -1 for a photoperiod sensitive cultivar and 28.2 to 32.6 Mg ha -1 for M81-E). The DM yield observed in this study demonstrate similar biomass yield potential of both cultivars under spray field conditions. Dry matter yield ranged from 8.1 to 27.7 Mg ha -1 (Fig. 3) across location-years and it reflects the variability due to management (Table 2 ) and rainfall ( Fig. 1 ) among sites. Fig. 3 . Dry matter yield of biomass (Blade ES5200) and sweet (M81-E) sorghum grown at three on-farm locations for 4 yr (2012) (2013) (2014) (2015) in North Carolina. * Cultivar difference at P < 0.05.
Tissue nutrient Concentration nitrogen
At Duplin, N concentration averaged 7.1 g kg -1 . At Wayne, there was a significant year effect and N concentration was greatest in 2012, followed by lower concentration in 2015, and lowest and not different in 2013 and 2014 (Table 5 ). At Sampson, there was a year × cultivar interaction effect. The interaction effect at Sampson occurred because concentration of N for ES5200 sorghum was greater than M81-E only in year 2013 (Table 5) . Maw et al. (2017) reported tissue N concentration of 7.7 g kg -1 for ES5200 fertilized with 168 kg N ha -1 yr -1 ; reported concentrations of 6.7 and 15.4 g kg -1 for the stem and seed head components, respectively, for M81-E fertilized with 174 kg ha -1 yr -1 ; Heitman et al. (2017) reported N concentration plateau of 8.3 g kg -1 for ES5200 fertilized with 201 kg N ha -1 yr -1 and 8.3 g kg -1 for M81-E fertilized with 268 kg N ha -1 yr -1 in North Carolina. Greater tissue N concentration values (e.g., >10.0 g kg -1 ) occurred in locationyear combinations where N loadings were at least 271 kg N ha -1 (Tables 2 and 5 ).
Phosphorus
At Duplin, there was a year effect and P concentration was greatest and not different in 2013 and 2015 (average of 2.4 g kg -1 ) compared to 2012 and 2014 (average of 1.6 g P kg -1 ) ( Table 6 ). Phosphorus loadings were lowest in 2015 and greatest in 2012 (Table 2) ; therefore, greater tissue P concentration in 2013 and 2015 are attributed to lower DM yield (Fig. 3) . Concentration of P at Wayne averaged 2.0 g kg -1 . At Sampson, there was a significant year × cultivar interaction effect (Table 4 ).
The interaction effect occurred because P concentration varied among years for sorghum ES5200 (ranged from 1.4-2.0 g kg -1 ) in contrast to M81-E (average 1. 6 g kg -1 ). In addition, P concentration was greater for ES5200 than M81-E in 2013 but there no differences in other years (Table 6 ). Phosphorus concentration values observed in this experiment ranged from 1.4 to 2.5 g kg -1 . Similar ranges of P concentration were reported by Han et al. (2011) and for M81-E and a photoperiod sensitive sorghum similar to ES5200.
Potassium
At Duplin, there was a cultivar effect (Table 4) for K concentration. Concentration of K was greater for ES5200 (20.0 g kg -1 ) comparted M81-E (14.5 g kg -1 ). There was a significant year effect for both locations Wayne and Sampson (Table 4) . At Wayne, tissue K concentrations averaged 21.7 g kg -1 for 2012, 2014, and 2015, and it was lowest and not different between 2014 and 2013 averaging 17.5 g kg -1 (Table 6 ). At Sampson, K concentration was greatest in 2015 and this value was also the greatest observed in this study (31.7 g kg -1 ). High K concentration in Sampson 2015 is attributed to low DM yield (Fig. 3) and year-consecutive high K loadings (1166 kg ha -1 in 2014 and 665 kg ha -1 in 2015). Concentration of K observed in this study ranged from 14.4 to 31.7 g kg -1 . Han et al. (2011) reported K concentrations of 4.5 to 7.5 g K kg -1 for M81-E and Propheter and Staggenborg (2010) reported 10.8 to 15.2 g K kg -1 for photoperiod sensitive sorghum and M81-E, respectively. Greater K concentration in our study occurred at average K loading rates of 274, 389, and 699 kg K ha -1 at Duplin, Wayne, and Sampson locations over a 4-yr period and reflect the characteristics of the K-rich swine effluent. Table 5 . Nitrogen concentration of biomass (Blade ES5200) and sweet (M81-E) sorghum at three on-farm locations in North Carolina. Data are means across three blocks and two cultivars (n = 6) at Duplin and Wayne and three blocks (n = 3) at Sampson.
Year Location
Duplin
Wayne 12.9a 0.177 SE 0.9 0.5 0.9 0.9 † P values correspond to differences in cultivar within location and year. ‡ Different letters correspond to difference in means in each column (P ≤ 0.05). Table 6 . Phosphorus and potassium concentration of biomass (Blade ES5200) and sweet (M81-E) sorghum at three on-farm locations in North Carolina. Data are means across three blocks and the two cultivars (n = 6) for P and K at Duplin, Wayne, and K at Sampson and across three blocks (n = 3) for P at Sampson.
Year Location
Duplin
Wayne Sampson There was a year effect at Duplin and Wayne (P < 0.01 for both locations; Table 4 ). At Duplin, N removal ranged from 53.6 to 95.7 kg ha -1 and it was lowest in 2013 and 2015 (Table 7) which corresponds to the years with lower DM yields (Fig. 3) . At Wayne, N removal was greatest in 2012 (287 kg ha -1 ) and it was lower and not different among the other years (average of 158 kg ha -1 ; Table 7 ). At Sampson, N removal was 138 kg ha -1 . Nitrogen removal (Table 7) followed, in general, a similar trend than DM yield responses (Fig. 3) .
In 2015 at Duplin and 2012 for both Wayne and Sampson, N removal in the harvested biomass (Table 7) exceeded N loading ( Table 2 ). The cropping systems at each location, prior to this experiment, were annual corn for Duplin and perennial bermudagrass for Wayne and Sampson. For Wayne and Sampson 2012, greater DM yield compared to the other years (Fig. 3) , and also greater amounts of N removed in the herbage harvested compared to applied N, suggest potential crop performance benefiting from residual soil N coming from the preceding bermudagrass cropping system. Yield responses to N application, specially within 2 yr, after several years of perennial grass are relatively low compared to several-fold responses in continuous corn (Franzluebbers, 2007; Jordan et al., 2017; Parks et al., 1969) . In contrast, greater N removal than loading in 2014 for Duplin, coupled with greater N loadings than removals for the preceding 2 yr (2012 and 2013), indicates occurrence of residual soil N.
Nitrogen removal of 287 kg ha -1 in 2012 was the greatest across location-years in this study and greater than several reports in the literature (up to 182 kg ha -1 reported by ; 140 kg ha -1 reported by Wiedenfeld [1984] ; up to of 139 kg ha -1 reported by Heitman et al. [2017] ; up to 110 kg ha -1 reported by Maw et al. [2017] ).
Nitrogen recovery efficiencies (Burns et al., 1990) , calculated by dividing element removed (Table 7 ) by element applied (Table 2) , added over the 4-yr period, were 44, 39, and 54% for Duplin, Wayne, and Sampson, respectively. For sorghum to replace bermudagrass in spray fields, and to ensure environmentally safe conditions where the amount of nutrients applied closely match nutrients removed in the harvested biomass, either nutrient loadings need to be less intense (lower amounts) or double-cropping systems for sorghum need to be developed to complement the nutrient removal levels.
Phosphorus
There were year effects for all three locations and a significant cultivar effect only at Duplin (Table 4) . At Duplin, P removal from ES5200 was slightly greater (P = 0.04) than M81-E. A similar trend, removal ranges of 7.6 to 19 kg ha -1 for M81-E and 20.2 to 21.9 kg ha -1 for ES5200, was reported by Heitman et al. (2017) . Phosphorus removal rates followed the trend of DM yield. Greatest P removal (kg ha -1 ) occurred in 2014 at Duplin (29.7) and in 2012 for both Wayne (51.3) and Sampson (28.2) ( Table 7) . Overall, P removal values observed in this study ranged from 15.4 to 51.3 kg ha -1 (Table 7) with total P loadings ranging from 7 to 111 kg ha -1 ( Table 2 ). The upper limit for P removal was recorded in Wayne 2012 and this result is attributed to also exceptionally high DM yields recorded at this location-year (Fig. 3) . Phosphorus recovery efficiencies over the 4-yr period were 141, 68, and 58% for Duplin, Wayne, and Sampson, respectively. The observed removal rates in this study, with the exception of the value observed in Wayne 2012, are within ranges previously reported in in the literature reported 23 to 42 kg P ha -1 , Wiedenfeld [1984] reported 15 kg ha -1 , Heitman et al. [2017] reported a range from 7.6 to 22.8 kg P ha -1 ). Table 7 . Removal of N, P, and K of biomass (Blade ES5200) and sweet (M81-E) sorghum at three on-farm locations in North Carolina. Data are means across three blocks and two cultivars for N, P, and K at Duplin, Wayne, and Sampson (n = 6). Table 8 . Plant height of biomass (Blade ES5200) and sweet (M81-E) sorghum at three on-farm locations in North Carolina. Data are means across three blocks and two cultivars for Duplin (n = 6) and across three blocks for Wayne and Sampson (n = 3). At Duplin, there were both year and cultivar effects. Removal of K at Duplin was greater for ES5200 sorghum (248 kg ha -1 ) compared to M81-E (173 kg ha -1 ). Removal of K at Duplin followed DM yield responses and it was not different and greater in 2012 and 2014 compared to 2013 (Table 7) . At Wayne, there was a year effect and K removal was greater in 2012 (549 kg ha -1 ) than for all other years (average 350 kg ha -1 ; Table 7 ). At Sampson, K removal averaged 328 kg ha -1 . Across all locations and years, K removal in the harvested biomass ranged from 137 to 549 kg ha -1 . The observed K removal range in this study was wider, but similar on average, compared to the range of 303 to 411 kg ha -1 reported by . Recovery efficiencies for K were 77, 103, and 47% for Duplin, Wayne, and Sampson, respectively. With the exception of K loading for Duplin 2015 (66 kg ha -1 ), K loadings were greater than 150 kg ha -1 yr -1 across year-locations.
Plant Height
Plant height measurements followed the same trend as DM yield and ranged from 286 to 443 cm (Table 8) . At Duplin, there were both year and cultivar effects. Height of ES5022 sorghum was on average 50 cm higher than M81-E. Plant height was greatest in 2014 (429 cm), followed by lower height in 2015 (369 cm), and lowest in 2013 (286 cm). At Wayne, there was a significant year × cultivar interaction effect. The interaction effect at Wayne occurred because plant height for ES5200 was greater than M81-E in 2013 (44 cm taller) and 2015 (72 cm taller), but it was not difference in 2014 (Table 8 ). In addition, M81-E sorghum height was greatest in 2014 (430 cm) followed by lower and not different heights in 2013 and 2015 (376 cm). At Sampson, there was a year × cultivar interaction. The interaction effect occurred because ES5200 sorghum was taller than M81-E by 59 and 79 cm in 2013 and 2014, respectively, but not different in 2015 (297 cm; Table 8 ). Averaged across all yearlocations, biomass sorghum height was approximately 52 cm taller than sweet sorghum.
SummARy AnD ConCluSIonS
Dry matter yield of biomass sorghum ES5200 and sweet sorghum M81-E were not different in 11 out of 12 location-year combinations. This result indicates that either cultivar could be selected in spray fields to provide biomass for bioconversion. We observed a wide range for DM yield (8.1-23.8 Mg ha -1 ) and is attributed to site-management and environment (specially rainfall) differences. Early season high water inputs appear to negatively affect sorghum growing conditions more so than later in the growing season. Nitrogen concentration in the plant tissue ranged from 5.9 to 12.9 g kg -1 which reflects the wide range of N loadings in spray field systems (122-653 kg ha -1 yr -1 ). Removal of N in the harvested biomass averaged 138 ± 43 kg ha -1 and was not different between sorghum cultivars. Greater nutrient loading than removal in the harvested biomass illustrates the need to revise nutrient management plans at the farm level before sorghum could replace bermudagrass in spray field areas. Phosphorus concentration averaged 1.8 g kg -1 and P removal 28 ± 7 kg ha -1 . Across all years and locations, K concentration and removal was not different between sorghum cultivars and averaged 20.4 g kg -1 and 313 ± 78 kg ha -1 for concentration and removal, respectively. Phosphorus removal by sorghum most closely matched the quantity of P applied.
Both sorghum cultivars, ES5200 and M81-E, were productive biomass crops at swine spray fields and may be a feasible alternative for producers that desire the flexibility of an annual crop and high DM yields in a single clipping event at the end of the growing season (15.7 ± 5.1 Mg ha -1 yr -1 ). Nevertheless, if sorghum is to be the only crop grown during the season, then irrigation management and nutrient loading will need to be less intensive (lower amounts), compared to current bermudagrass-based systems, to prevent soil nutrient accumulation. Sorghum-based double-cropping systems that incorporate a cool season crop could potentially help offset nutrient loadings, but data is limited on spray field environments at this point.
